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ABSTRACT
The objective of this research was to test the feasibility of using forward osmosis (FO)
with polyelectrolyte draw solutions to recover water from bioreactor mixed liquors. When
combined with an Anaerobic Osmotic Membrane Bioreactor (AnOMBR), such a system could
process fecal and food waste from astronauts aboard the International Space Station (ISS) and
reclaim important nutrients and water. This project focused on measuring the obtainable water
recovery rates from bioreactor effluent, and the identifying challenges associated with the
operation.
AnOMBRs feature several advantages over aerobic bioreactors, and non-osmotic
anaerobic membrane bioreactors (AnMBR). Anaerobic bioreactors avoid the significant energy
costs of aerobic bioreactors. Conventional AnMBRs use microfiltration or ultrafiltration with an
applied pressure. AnOMBRs use FO membranes that do not allow low molecular weight
organics to pass, and do not require an applied pressure. AnOMBRs may be an option for water
and nutrient recovery in space if they can attain high water flux and reverse solute flux
selectivity (RSFS), which quantifies the volume of permeated water per gram of draw solute that
has diffused from the draw solution into the bioreactor. To obtain a high RSFS, poly(acrylic
acid) and poly(acrylic acid-co-maleic acid) were evaluated as draw solutes. The large size of the
polymer and the high osmotic pressure they can provide make them highly advantageous.
Water flux was measured in a direct flow system using wastewater from a municipal
wastewater treatment plant and draw solutions prepared with two polyelectrolytes at different
concentrations. The direct flow tests displayed a high initial flux (>10 L/m2/h) that decreased
rapidly as solids accumulated on the feed side of the membrane. A test with deionized water as

ii

the feed revealed an exceedingly small mass of polyelectrolyte crossover from the draw solution
to the feed; thus, RSFS was 80, which was higher than the target value of 20 for viable operation.
Crossflow filtration experiments demonstrated that steady state flux above 2 L/m2/h could be
maintained for 70 h following an initial flux decline due to formation of a foulant cake layer.
This study established that FO could be feasible for regenerative water purification from
bioreactor digesters. By utilizing a polyelectrolyte draw solute with exceedingly high RSFS, we
expect to overcome the need for draw solute replenishment. This would be a major step towards
sustainable operation in long-duration space missions lasting 30 months or more.
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CHAPTER ONE
INTRODUCTION
1.1 Water Treatment and Energy Costs
According to a 2018 report by the U.S. Department of Energy, wastewater
treatment plants (WWTPs) were found to use more than 30 terawatt hours per year of
electricity costing $2 billion dollar in electric costs, 1-4% of the total energy use by the
US [1]. For local municipalities this cost can be quite significant [1]. Electric costs
comprise roughly 20-40% of a WWTP’s annual budget and are continually rising due to
increasing population, industry growth, and water quality demands. Figure I-1(a) displays
the energy cost breakdowns of a two typical WWTPs, one without anaerobic digestion
and one with. Aeration is the most energy consuming process making up 50-75% of the
total energy usage.
Typical WWTPs use a more antiquated and simpler technique than newer
methods currently being developed. Historically, untreated wastewater will enter primary
clarifiers where grit chambers will remove larger solids. The waste will be pretreated
with chlorine, and other compounds such as quicklime if the pH needs adjustment. The
conditions of the waste are made favorable towards bacteria in the aerobic process. Next,
the waste enters an aeration tank and a digestor that processes the sludge. A digestor
utilizes bacteria genera of Corynebacterium, Escherichia, and others [2]. These bacteria
typically are used for aerobic processes where the aeration tank is needed to supply
oxygen. Overwhelmingly, aeration is the largest energy cost to a WWTP as seen in
Figure I-1 (a) where two independent sources investigated energy consumers in WWTPs
for a plant that uses solely aerobic digestion and a mixed digestion system [1]. WWTPs
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require large area footprints. Figure I-1 (b) displays a schematic of WWTPs. Due to
current WWTPs’ downsides of energy inefficiencies, large size, and sanitation problems,
innovations are being developed to address issues water recovery in municipalities and all
industry sectors ranging from agricultural to energy production.
a

b

Figure I-1: Typical WWTPs’ (a) energy usage by operation from two independent sources on
two different types of WWTPs, and (b) typical WWTP process schematic. Reproduced with
permission from AIMS Agriculture and Food [1,3].
With the recent interest in space travel long term space missions, 30 months or
more, require the recycling of every atom including human waste. Currently, the
2

Environmental Control and Life Support Systems (ECLSS) aboard the International
Space Station (ISS) and other spacecraft are incapable of meeting long-duration mission
needs for regenerative water and nutrient recovery [4]. Fecal and food wastes are not
recycled [4], resulting in losses of valuable nutrients and water. The current municipal
WWTP design is not feasible for ECLSS and will require innovation to reduce size and
energy usage, while retaining a high-water recovery and sanitation requirement. Figure I2 displays the six major streams and corresponding recoverable constituents. Due to
ECLSS current inability to recoverable reusable compounds, innovation is necessary. To
recover fecal and food waste Anaerobic Osmotic Membrane Bioreactors (AnOMBRs)
have been proposed.
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Figure I-2: The six major avenues that recoverable constituents come from. Reproduced with
permission from Elsevier [4].
1.2 Anaerobic Osmotic Membrane Bioreactors
Anaerobic digestion (AD) is an established process where the bacteria convert
organic wastes into a methane and CO2 gas mixture, typically at a 60:40 ratio [5]. The
biogas can be converted to electricity. AD was first found to produce 0.5 m3biogas kg−1
with human fecal matter, but urine addition inhibited biogas production [5]. Further
work on AD found it advantageous to allow the sludge generated to thicken and to
separate urine from fecal matter. The envisioned system for the ECLSS plans to take in
more than fecal waste; thus, research is ongoing to develop AD with food, fecal, and
agriculture products. Rajagopal et al. [6] studied this design and reported the combination
4

of food, fecal, and agriculture products increased the hydrolytic and acidogenic potential
of co-digestion, improving digestion time and methane production.
AnOMBRs are being explored for their advantages of production of biogas, low
energy usage, low fouling, and ability to regenerate water at purities of 90-99%. Differing
from normal WWTPs, AnOMBRs remove aeration as a necessary step drastically
reducing energy requirements. Waste is inserted in a main digestor or a continuous stirred
tank reactor (CSTR) tank where methanogenic bacteria digest the waste. Anaerobic
digestors feature genera of Methanosarcina, Methanobacillus, Methanothrix [2].
AnOMBRs decouple hydraulic retention time (HRT) from solids retention time
(SRT), which allows a long SRT improving effluent quality, reducing waste biosolids
production, and increasing methane conversion [7]. Conventional anaerobic membrane
bioreactors (AnMBRs) require an applied pressure for water separation resulting in
higher energy costs and accelerated fouling. Anaerobic osmotic membrane bioreactors
(AnOMBRs) overcome these drawbacks by using forward osmosis (FO) to drive
transport across the membrane. Figure I-3 illustrates the AnOMBR system envisioned for
the ISS. It will intake fecal, agricultural, and food waste into a storage bin or feed tank,
which is then fed to the anaerobic CSTR bioreactor that digests and converts the
compounds into nutrients and biogas. The biogas will be collected for energy production.
The flow from the bioreactor will have a hydrated solids (20%), nutrient rich water
(65%), and biogas (15%) composition. This mixture will be pumped into a membrane
cell where water will be extracted using FO. The water extracted enters the draw solution
where a subsequent process (for example, membrane distillation, not shown) will recover
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water and reconcentrate the draw solution. This will be a continuous operation taking in
waste and reclaiming water while producing biogas.

Figure I-3: Schematic of the envisioned AnOMBR system.

1.3 Osmotic Process – Forward Osmosis
Membrane separations often are classified by microfiltration (MF) ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO). MF and UF separate based on the
size of particles; whereas, NF combines size exclusion, and rejection by unfavorable
interactions between the membrane surface and particles [8]. Moving from MF to NF, it
6

is possible to remove compounds with decreasing size including suspended particles,
biological cells, macromolecules (proteins), sugars, pesticides, and multivalent salts [8].
RO can remove all those compounds and monovalent salts allowing it to be used for
water recovery from solutions like seawater. This method uses a highly selective
membrane, the thin-film composite (TFC) membrane. TFC membranes are discussed
further for their capabilities to block substances up to monovalent salts in a following
section. Due to the high rejection of RO by using TFC membranes, it is used around the
world to recover water, with 59% of those operations using seawater as feed [9]. RO also
∆𝑃 Present
Reverse Osmosis

Water Flux, 𝐽𝑤

Salt Flux, 𝐽𝑠

Feed Solution
High 𝜋

Draw Solution
Low 𝜋

Membrane

has been demonstrated to reduce energy usage compared to operations requiring a phase
change, such as separation by evaporation [10]. Nevertheless, RO requires high pressure
operation to generate a sufficient pressure difference across the membrane to drive
separation.
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Figure I-4: Illustration of RO using an applied pressure to separate water from a high osmotic
strength solution to a low osmotic strength solution.

In wastewater treatment, FO aims to draw water from contaminated solutions by
using a TFC membrane, but without the applied pressure of RO. Instead, FO employs a
high osmotic pressure solution on the permeate side of the membrane to create the
driving force necessary to drive water across the membrane. The treated solutions can
range from municipal wastewater, agricultural waste, seawater, and oil/gas industries.
Concerning the ECLSS, the solution treated will be composed of food, and human waste,
which will contain a variety of compounds depicted in Figure I-2. Figure I-4 shows an
illustrated model of FO. The chemical potential gradient produced by the osmotic
pressure of the draw solution removes water of the feed solution. Water flux is much
larger than the RSF partly because of the higher solubility of water within the membrane.
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Figure I-5: Illustration of FO displaying the water flux, 𝐽𝑤 , and reverse salt flux, 𝐽𝑠 .

The feasibility of using FO was studied in this project. FO has lower fouling
propensity and lower energy costs than RO, and similarly attains a high rejection of low
molecular weight organic species, thus prolonging the solids retention retention time in
the bioreactor and facilitating their biodegradation [11]. Flow or flux across the
membrane can be described by Darcy’s law which describes flow through porous media.
Equation 1.1 shows the working relationship [8,12].
(1.1)

𝐽𝑤 = 𝐴(Δ𝜋𝑚 − Δ𝑃)

Water flux (𝐽𝑤 ) depends on the permeability coefficient (A), osmotic pressure at the
membrane surface (Δ𝜋𝑚 ), and hydrostatic pressure difference (Δ𝑃). In the case of FO, Δ𝑃
is equal to zero. Flux is defined as the volume of water that crosses the membrane per
time per unit area and typically is reported with units of LMH, or L/m2/h. During FO, the
membrane is placed between the feed solution and a high osmotic pressure draw solution.
The draw solution intakes water during operation. Back diffusion of salts from the draw
solution to the feed can occur, and is termed reverse salt flux (RSF).
1.4 Thin-Film Composite Membranes
Leob and Sourirajan started development of RO membranes in 1959 and created
the first membranes from cellulose acetate [13,14]. These membranes were soon
developed into cellulose triacetate (CTA) membranes that are still used in some
applications. More commonly, TFC membranes are utilized due to their higher water
permeance (1.0-5.0 L/m2/h) compared to CTA membranes (<0.3 L/m2/h) [15]. TFC
membranes are composed of an active layer, porous support, and a mechanical support.
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Table 1.1 summarizes the main layers of a TFC membrane [16]. The active layer often is
an aromatic cross-linked polyamide, while the porous support often is a polysulfone. The
mechanical support is typically polyester. Recent research has been done exploring
different mechanical support layers, including woven mesh backings to allow better flow
and stability [17]. Active layer formation is completed by interfacial polymerization, e.g.,
between trimesoyl chloride and m-phenylenediamine [8,16, 18,19, 20]. Lastly, the porous
support is commonly a UF or MF membrane. In this research, TFC RO membranes were
used with an FO driving force mechanism. The only difference between FO and RO is
the driving force, applied pressure versus osmotic pressure.
Table I-1: Summary of TFC layers adapted from Idarraga-Mora [16].

Treatment of membranes with different types of alcohol have also proven to affect
their performance [21]. Table I-2 displays the results of alcohol on commercial
membranes, adapted from [16,21,22,23,24]. Tests with C1-C4 monohydric linear
alcohols, provided a great water permeance without a decease to RSF [21]. This effect
varied from membrane to membrane. In this research, SW30HRLE TFC membranes
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were used for all experiments as they have been shown to be more effective for osmotic
processes [16].
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Table I-2: Alcohol contact and effects on commercial membranes, adapted from [16,21]
Membrane

Alcohol

Method

Testing method

Effect on
productivity

Effect on
selectivity

Explanation

Reference

Commercial SWC4
TFC RO membrane

Ethanol
(for
studies on
both water
flux and
salt
rejection)

Membranes
immersed in
alcohol for 5 min

Reverse osmosis
filtration of 1600
ppm NaCl

Increased water
permeance

Increased NaCl
rejection when
drying was not
allowed

swelling of the active layer occurs,
which may disrupt inter-chain
interactions, such as hydrogen
bonding, creating space for water
to penetrate the membrane

[22]

Commercial TFC RO
membranes
(SW30XLE and
BW30)

IPA

Immersion of
membranes into
IPA for 1 h,
followed by
polydopamine
coating

Reverse osmosis
filtration of 2000
ppm NaCl

Increased water flux
for the coated
SW30XLE
membrane but
decreased for the
coated BW30
membrane

Increased NaCl
rejection for the
coated
SW30XLE
membrane but
decreased for the
coated BW30
membrane

Denser porous support structure of
BW30 compared to SW30XLE led
to opposite behavior in water flux
and NaCl rejection after coating

[23]

Commercial TFC RO
membranes (including
BW30 andSW30HR)

Ethanol

Presoaked the
membranes in
DI water,
immersed them
into ethanolfor
24 h, reimmersed them
inDI water

Forward osmosis
withdraw
solution 1.5M
NaCl (or 1.5M
MgSO4), and
feed of DI water

increased osmotic
water flux and for all
the membranes
wetted with alcohol
compared to control
experiments

Increased reverse
salt fluxfor all the
membranes wetted
with alcohol
compared to
control
experiments

Results are a combined effect of a
removal of the coating layer and
improved wetting of the
polysulfone support

[24]
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1.5 Polyelectrolyte Draw Solutions
FO historically has used simple salts such as NaCl or MgCl2 as draw solutes.
Using simple salts in the draw solution poses a drawback for space missions 30 months
or longer due to their small size. During operation, there is an inherent migration of the
solute to the feed solution, RSF. Overtime, the draw solute will need to be replenished. In
addition, biological performance can be affected severely by salinity buildup and RSF.
Chang et al. [25] reported declining flux over long periods of operation due to RSF and
draw solution dilution when using MgCl2 as a draw solute. Flux decreased from 3.7 to 3.3
LMH over 85 days and high salinity buildup was observed in the bioreactor [25].
To combat RSF, employing polyelectrolytes as draw solutes could slow their
migration or eliminate it completely. Due to their large size and high conductivity,
polyelectrolytes are great candidates for use in draw solutions. The large size blocks them
from crossing the active layer, thus lowering RSF (and RSFS) and salinity buildup. Their
high conductivity generates a high osmotic pressure due to charge sites on the polymer
backbone. Ge et al. [26] studied the roles played by polyelectrolyte solution
concentration, viscosity, molecular weight, and temperature on water recovery from dye
wastewater. They found that a higher viscosity will lower the flux obtainable but
increases concentration polarization (CP). The molecular weight also factored into the
viscosity, with a higher molecular weight resulting in a higher viscosity. The RSF was
also inhibited by increasing molecular weight. When increasing the temperature, the flux
was observed to increase while the viscosity decreased [26]. Ge et al. [26] studied
temperatures up to 80 ºC, which demonstrated the highest flux. While a higher flux is
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desirable, the high temperatures may cause damage to the membrane and the bioreactor.
Optimal bioreactor temperatures range from 23 to 29 ºC.
For this thesis, two polyelectrolytes were studied to measure the obtainable flux in an
FO system. Sodium salts of poly(acrylic acid) (PAA-Na; Mw 2100) and poly(acrylic
acid-co-maleic acid) (PAMA-Na; Mw 3000) were evaluated as draw solutions with
different specific charge densities (14.1 meq/g for PAA-Na and 16.0 meq/g for PAMANa). While polyelectrolytes address RSF while maintaining a high osmotic pressure, they
can have issues associated with high CP and viscosity. We therefore anticipate an optimal
concentration for the highest obtainable flux.
1.6 Flory-Huggins Theory and Parameter
Measuring the osmotic pressure of various solutions has been explored in depth. For
basic salts such as NaCl or MgCl2 the Van’t Hoff equation (Equation 1.2) can predict the
osmotic pressure accurately [27].
Π = 𝑖𝑀𝑅T

(1.2)

Due to the numerous segments and complex configurations in polymers, predictions
with the Van’t Hoff equation are poor. To better model these systems, Paul Flory and
Maurice Huggins developed the Flory-Huggins (FH) parameter for modeling polymers in
1974 [28]. The FH theory is based in a molecular or statistical mechanics method where
the free energy of the polymer allows predictions about the molecule’s behavior. The
theory starts with the free energy of mixing as described by Equation (1.3) [27].
(1.3)

∆𝐺 𝑚𝑖𝑥 = ∆𝐻 𝑚𝑖𝑥 − 𝑇∆𝑆 𝑚𝑖𝑥

From (1.3) the Gibbs energy change of mixing in conjunction with the chemical
potential can be used to describe the osmotic pressure; thus, ∆𝐻 𝑚𝑖𝑥 and ∆𝑆 𝑚𝑖𝑥 must be
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determined. Concerning the entropy of mixing, ∆𝑆 𝑚𝑖𝑥 , the polymer can be thought of as a
lattice structure where each monomer occupies a site, with total sites M. Each site in this
lattice has z neighbors and each polymer has N chain segments. This gives the total site
balance for the polymer and solvent in Equation (1.4)
(1.4)

𝑁𝑛𝑝 + 𝑛𝑠 = 𝑀
Their respective volume fractions are given by Equation (1.5)
𝜙𝑠 =

𝑛𝑠
𝑀

𝑁𝑛𝑝

and 𝜙𝑝 =

(1.5)

𝑀

The lattice structure can be correlated to the Boltzmann expression, Equation (1.6); W
represents the total number of arrangements and 𝑘𝑏 is the Boltzmann constant.
(1.6)

𝑆 = 𝑘𝑏 ln 𝑊

The entropy change on mixing can be determined from Equation (1.7) and Equation
(1.8).
∆𝑆 𝑚𝑖𝑥 = 𝑆 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − 𝑆 𝑢𝑛𝑚𝑖𝑥𝑒𝑑 = 𝑆 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 − (𝑆 𝑝𝑢𝑟𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑆 𝑝𝑢𝑟𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 )
𝑊(𝑛𝑝 ,𝑛𝑠 )

∆𝑆 𝑚𝑖𝑥 = 𝑘𝑏 ln [𝑊(0,𝑛

(1.7)
(1.8)

]

𝑠 )𝑊(𝑛𝑝 ,0)

These can be simplified using pure water as a solvent, so that, 𝑊(0, 𝑛𝑠 ) = 1 and
𝑧−1

𝑛𝑝 (𝑁−1)

𝑊(𝑛𝑝 , 0) = (𝑁𝑛 )

(𝑁𝑛𝑝 )!
𝑛𝑝 !

𝑝

. With some simplification and manipulation, Equation

(1.8) can be written as Equation (1.9) [100].
𝑛

∆𝑆 𝑚𝑖𝑥 = −𝑘𝑏 [𝑛𝑠 ln 𝑀𝑠 + 𝑛𝑝 ln

𝑁𝑛𝑝
𝑀

] = −𝑀𝑘𝑏 [𝜙𝑠 ln ∅𝑠 +

𝜙𝑝
𝑁

ln ∅𝑝 ]

(1.9)

The ∆𝐻 𝑚𝑖𝑥 is assumed to equal the internal energy of mixing, ∆𝑈 𝑚𝑖𝑥 , leading to
Equation (1.10). The change of volume is on mixing is assumed to be 0.
∆𝐻 𝑚𝑖𝑥 = ∆𝑈 𝑚𝑖𝑥 = 𝑚𝑠𝑠 𝑤𝑠𝑠 + 𝑚𝑝𝑝 𝑤𝑝𝑝 + 𝑚𝑠𝑝 𝑤𝑠𝑝
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(1.10)

Here m represents the number of contacts between species (polymer and solvent) and w
is the contact energy. The number of sites can be related to the number of contacts
through 𝑧𝑛𝑠 = 2𝑚𝑠𝑠 + 𝑚𝑠𝑝 and 𝑧𝑁𝑛𝑝 = 2𝑚𝑝𝑝 + 𝑚𝑠𝑝 . Contacts between polymer and
solvent can be approximated as 𝑚𝑠𝑝 ≈

(𝑧𝑛𝑠 𝑁𝑛𝑝 )
𝑀

allowing Equation (1.10) to be rewritten

as Equation (1.11), with the FH Parameter 𝜒 given in Equation (1.12) [100].
𝑧𝑤𝑝𝑝

𝑧𝑤

∆𝑈 𝑚𝑖𝑥 = 𝑘𝑏 𝑇 (2𝑘 𝑠𝑠𝑇) 𝑛𝑠 + ( 2𝑘 𝑇 ) 𝑁𝑛𝑝 + 𝜒
𝑏

𝜒=𝑘

𝑧
𝑏

[𝑤𝑠𝑝 −
𝑇

𝑛𝑠 𝑁𝑛𝑝

𝑏

𝑤𝑠𝑠 +𝑤𝑝𝑝
2

(1.11)

𝑀

(1.12)

]

With both terms known in the equation for Gibbs energy of mixing, an expression for the
osmotic pressure can be developed, as shown in Equations (1.13-1.16) [27].
Δ𝐺 𝑚𝑖𝑥
𝑘𝑏 𝑇
Δ𝜇 𝑚𝑖𝑥
𝑘𝑏 𝑇

=

Δ𝑈 𝑚𝑖𝑥
𝑘𝑏 𝑇

=(

𝑑

𝑑𝑛𝑝

−

(

∆𝑆 𝑚𝑖𝑥

(1.13)

𝑘𝑏

Δ𝐺 𝑚𝑖𝑥
𝑘𝑏 𝑇

))

= ln ∅𝑝 + 1 −

𝑛𝑠 ,𝑇

−𝑅𝑇
[ln(1
̅𝑃
𝑉

𝑀

−

𝑛𝑠 𝑁
𝑀

+ 𝜒𝑁(1 − ∅𝑝 ) +

𝑁𝑧𝑤𝑝𝑝
2𝑘𝑏 𝑇

(1.14)
(1.15)

Π𝑉̅𝑝 = −Δ𝜇 𝑚𝑖𝑥
Π=

𝑛𝑝 𝑁

1

− 𝜙) + 𝜙 (1 − 𝑁) + 𝜒𝜙 2 ]

(1.16)

In this equation, the volume fraction represents the polymer. To fully utilize this equation
several factors must be found either experimentally or theoretically, such as the partial
molar volume of the polymer, the volume fraction, the osmotic pressure, or the FH
parameter.
1.7 Concentration Polarization
Aside from fouling, CP is a major deterrent to water transport across the membrane
[8]. CP contains two subcomponents denoted as external concentration polarization
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(ECP) and internal concentration polarization (ICP). ECP functions by decreasing the
osmotic pressure or concentration at the surface of the membrane as water transport
dilutes the draw solution at the membrane surface. High cross flow rates of recirculating
draw solution and turbulent mixing can decrease this factor. The effects of ICP are
present on the porous and mechanical backing side of the membrane due to a higher
concentration of solutes developing in the support. With a higher concentration of solutes
in the support, the osmotic pressure of the feed side is increased, lessening the drive force
of the system and decreasing the flux. Figure I-5 displays the effects of ICP and ECP in
terms of the osmotic pressure. The ∆𝜋𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 displays the actual driving force of the
system. The ICP is the larger detriment to the flux on the left side in Figure I-5 (the
porous support side of the membrane). For bioreactors, the effluent contains numerous
components that will contribute to ICP. Due to biological activity, cells can grow within
the porous layer further increasing ICP.
Due to the high osmotic pressure in the support layer of the membrane, the effective
osmotic pressure is quite a bit lower than the ideal pressure resulting in a much lower
flux. ICP can be determined through modeling considering the formation of a boundary
layer within the membrane, while ECP is best examined by considering the formation of
a boundary layer between the membrane surface and the bulk solution [8,30]. Although,
ICP and ECP are factors in lowering the obtainable flux, they were not investigated
numerically in this work.
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∆𝜋𝐷,𝑚
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∆𝜋𝐹,𝑖
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∆𝜋𝑖𝑑𝑒𝑎𝑙
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∆𝜋𝐹,𝑚

Concentrative
ECP

Water Flow, 𝐽𝑤

Figure I-6: Illustration of ICP and ECP adapted from [29].
1.8 Fouling and Patterning
The largest and most severe deterrent to water transport is fouling occurring on
the membrane surface. Fouling and its associated flux decline is one of the most
significant challenges in membrane science. The three main factors influencing fouling
are membrane characteristics, feed solution solids concentration, and operating
conditions [31]. A fouling model, the Hermia model [32], was created for direct-flow
systems seen in Figure I-6. Four models are illustrated: (a) standard pore-blocking
occurring inside the pores causing a reduction in pore size; (b) intermediate poreblocking where foulants block pores and land on top of other foulants; (c) complete pore-
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blocking, foulants depositing as a layer but not on each other; and (d) cake filtration,
when multiple layers of foulant cover the membrane surface [33]. Due to the feed
solution for AnOMBRs consisting of a high solids concentration, cake layer formation is
the dominant fouling model.

(b)

(a)

v

(d)

(c)

Figure I-7: Fouling models proposed by Hermia [32]: (a) Standard pore-blocking, (b)
Intermediate pore-blocking, (c) Complete pore-blocking, (d) Cake filtration.

Modelling of cake layer formation for municipal waste has been calculated by
Broeckman et al. [34], who analyzed crossflow experiments with induced shear stresses.
The most important factors for a species adhering to the membrane surface were found to
be Van der Waals forces and Coulombic forces, surface friction, and foulant species [34].
As municipal wastewater is highly variable in species depending on location, the model
has variables that must be set by first testing the feed solution. For the ISS, a tightly
controlled environment, the foulant species are readily known due to astronaut intake
being preplanned. Thusly, other pollutants present in municipal wastewater will have
minimal effects in this system.
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Malakian and Husson [33,35] demonstrated patterning was an effective method to
reduce fouling on membrane surfaces. The idea of patterning and surfacing a membrane
has been noted in nature by sharks and concurs with surface friction playing a role in
fouling [33,35]. Different geometries have various effects on flow patterns by inducing
small vortices within the membrane surface disrupting the foulant layer. Fouling
resistance was also improved due to the decrease in intrinsic membrane surface
roughness, demonstrated by Weinman and Husson [36]. By utilizing patterning on
membrane surfaces fouling should be lessened leading to higher values of flux.
1.9 Study Objective
To evaluate the performance of the envisioned AnOMBR system using
polyelectrolytes as draw solution, this project focuses on measuring the obtainable water
recovery rates from bioreactor effluent, and the identifying challenges associated with the
operation. Two polymer salt draw solutions of PAA-Na and PAMA-Na will be tested for
their obtainable flux, osmotic pressure through conductivity measurements, and RSFS.
The draw solution will be studied through the lens of the FH theory to better understand
its physical interactions. TFC membrane SW30HRLE will be used for every experiment
in direct-flow and crossflow examination using FO as the operating mechanism.
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CHAPTER 2
MATERIALS AND METHODS OF EVALUATION

2.1 Chemicals and Materials
PAA-Na (Mw 2100) [9003-04-7] and PAMA (Mw 3000) [29132-58-9] were
obtained from MilliporeSigma (Burlington, MA, USA). PAMA was neutralized with
sodium hydroxide (98% purity) sourced from Alfa Aesar (Haverhill, MA, USA) to form
PAMA-Na. Acros Organics anhydrous ethanol (200 Proof, 99.5+ %) was purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Type 2 deionized (DI) water (18
MΩcm) was produced with a Milli-Q water purification device (EMD Millipore,
Billerica, MA, USA).
Digestor sludge and primary clarifier effluent (PCE) were kindly provided by
ReWa (Greenville, SC, USA). These materials are indicative of general waste from a
municipality. The two fluids were mixed at a ratio of 20% digester sludge and 80% PCE
(v/v) in a 15 L container. This ratio was sufficient to achieve a solids concentration from
2.2 g/L to 9.1 g/L. Bioreactor effluent was obtained from an anaerobic methanogenic
bacteria culture. The effluent was taken directly from the culture during testing at room
temperature. Sulfur concentration in the effluent was representative of bioreactor
digestors treating human waste ranging from 0.2 to 2.3 wt% [14].
Membranes (SW30HRLE) were provided by Dow Water & Process Solutions
(Edina, MN, USA). Spacers with 1.8 ± 0.1 mm opening size and 440 ± 10 µm thickness
were purchased from Sterlitech Corporation (Kent, WA, USA). Four spacers were
utilized in crossflow experiments.
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2.2 Direct-Flow Measurements
Direct flow filtration tests were conducted in a homebuilt apparatus resembling an
osmotic pressure testing device. An illustration of the apparatus is provided in Figure II1. The materials of construction were obtained from Grainger (Lake Forest, IL).
SW30HRLE membranes were wetted directly before use by soaking in a 50:50 (v/v)
water/ethanol solution for 5 min and then placed in DI water for 10 min. A wetted
membrane was placed between two rubber gaskets with the active layer facing the draw
solution. The membrane and gasket assembly were sealed against the apparatus flanges
with nuts and bolts. The flange joint was sealed tightly to prohibit leakage. The active
area of the membrane was measured to be 472 mm2.
PAA-Na and PAMA-Na draw solutions were prepared with concentrations of 0.3
g/mL and 0.5 g/mL. Solid PAA-Na was dissolved in DI to produce 150 mL of draw
solution. PAMA-Na was prepared by neutralizing PAMA with a stoichiometric amount
of sodium hydroxide and adding DI water to produce 150 mL of draw solution. The feed
consisted of 20:80 (v/v) digestor sludge/PCE. The conductivity of the feed was 1.4-2.1
mS/cm, within the typical range of bioreactor effluent. The solids concentration was 2.73.2 g/L, within the range of concentration from 2.2 g/L to 9.1 g/L for typical wastewater
treatment facilities [37,38]. Stir bars with a length of 1 cm and a diameter of 0.8 cm were
added to the feed and draw solution chambers to provide mixing at 1100-1400 rpm. The
feed and draw solutions were added simultaneously and the apparatus was tilted to
remove air bubbles that may have formed during pouring. Conductivity probes were
inserted to each chamber to monitor concentration changes associated with water
transport. Conductivity values were recorded by LabView 20 (National Instruments,
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Austin, TX, USA). Feed and draw solution height changes were recorded for flux
calculations. These experiments were run for 8 h.
RSFS was measured with the same apparatus by utilizing DI water as the feed
solution and measuring conductivity over a period of 50 h to determine if any of the
polyelectrolyte draw solute migrated across the membrane.
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Figure II-1: Direct flow system, the materials were purchased from Grainger (Lake Forest, IL,
USA) and consisted of 1’’ 10ft. clear PVC pipe, 2 1’’ PVC flange fittings, 2 1’’ PVC Tee-bars, 2
1’’ PVC hex caps, and 2 1’’ rubber gaskets. All of these were glued together with PVC primer
and PVC cement constructing an osmotic pressure device.
2.3 Crossflow Experimentation
Crossflow experiments were tested using the apparatus described in IdarragaMora [17] but with modifications. The modified apparatus is provided in Figure II-2.
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Figure II-2: The PRO apparatus used by Idarraga-Mora [17], but with some modifications. The
refrigeration devices were not used to maintain a higher temperature in the reactor for optimal
microbial growth. The draw solution and feed solution were also swapped. The rest to the system
was used as seen.
Membranes were wetted as described above and then installed in a custom
membrane cell comprising two blocks of Delrin cut to form a crossflow channel with
dimensions 44 mm (L)  14 mm (W)  2.35 mm (D). The membrane active area was 616
mm2. Four spacers were added on the draw solution side, following a previously
described protocol [7]. The spacers gave structural stability to the membrane. The starting
pressure ranged from 3.45 to 4.83 bar and was decreased to the operating pressure of
0.34-2.41 bar.
LabView 2020 was utilized to automate operation of the system and record all
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data generated. Data collected included pressure, conductivity, flux, and pump speed. The
feed solution comprising 20:80 (v/v) digestor sludge/PCE was recirculated by a HydraCell P100 Metering Pump (Wanner Engineering Minneapolis, MN USA) through 316
stainless steel tubing. Solutions of 0.3 g/mL PAA-Na and 0.3 g/mL PAMA-Na were
recirculated using a MasterFlex L/S 600 rpm drive with an L/S Easy-Load II SS pump
head (Cole-Parmer, Vernon Hills, II, USA) through a combination of MasterFlex pump
tubing (Puri-Flex, Cole-Parmer) and 316 stainless steel tubing. The flow rates for the feed
and draw solutions were set to 0.5-0.7 L/min to maintain a crossflow velocity of 0.25
m/s. Conductivity probes (CS150TC, Sensorex Corporation, Garden Grove, CA, USA)
were used to measure the changes in conductivity of feed and draw solutions. Draw
solution mass was recorded continuously using an Ohaus AV3102C Adventurer Pro scale
(Ohaus Corporation, Parsippany, NJ USA) and used to calculate permeate flux in
LabView. The pressure on each side of the membrane was measured. Overall and
transmembrane pressures were kept as low as possible while maintaining the desired
crossflow velocity.
Time, conductivity, mass, and pressure measurements were recorded every
minute over the 70 h experimental runs by the LabView software. Permeate flux was
calculated from the mass change in the draw solution over time. Control of the pressure
and flow rate of the feed solution was achieved by actuation of a MCJ050AB-3-SS31RS4 proportional valve (Hanbay Laboratory Automation, Quebec, Canada). The
conductivity of the PAA-Na and PAMA-Na draw solutions were measured to be 46.6
mS/cm and 36.7 mS/cm at the start of each experiment.
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1

2

3

4

Figure II-3: Spacers used for mechanical and patterning in the Crossflow experimentation. The
numbers represent the order they were placed in from first to last from the active layer.
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CHAPTER THREE
RESULTS AND DISCUSSION

3.1 Direct-Flow Measurements
Direct-flow measurements quantified the flux obtainable from the polyelectrolyte
draw solutions. Figure III-1a presents the permeate flux data for PAA-Na and PAMA-Na
at 3 g/mL. There was an initial high flux value within the first 30 min that declined
sharply as the experiment progressed. Figure III-1b shows flux decline data for the higher
draw solution concentration of 0.5 g/mL. The results were highly similar to experiments
that used the lower concentration. The flux values after 1 h were the same within the
experimental uncertainties.
.
14

14

a

PAA-Na

12

PAMA-Na

PAA-Na
PAMA-Na

10

Flux (L/m2/h )

Flux (L/m2/h )

10

b

12

8

8

6

6

4

4

2

2

0

0
0

2

4

6

8

0

Time (h)

2

4

6

8

Time (h)

Figure III-1: Direct flow flux decline data for PAA-Na and PAMA-Na at concentrations of 0.3
g/mL (a) and 0.5 g/mL (b). Error bars represent ±1σ generated from three experiments.
Among the factors that may contribute to flux decline are membrane fouling,
decreased osmotic pressure driving force; external concentration polarization; internal
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concentration polarization; inadequate stirring; and changes in temperature, viscosity, and
pH. For these experiments the temperature, viscosity, and pH were constant. A high stir
speed was used on both sides of the membrane to minimize the effects of concentration
polarization. The osmotic pressure driving force is expected to decline as the feed
solution becomes concentrated and the draw solution is diluted by water permeation.
Figure III-2 displays the membranes after use in the Direct-Flow system. The
structural layer is seen in these images with a black layer atop. The black layer is the
foulant layer adhering to the membrane inhibiting water transport. The foulant layer can
be seen to be a thick “cake” formation with some spots more open than others. The larger
foulant free spots occurred during dismantling the apparatus, but Figure III-2 (c)
showcases an undamaged foulant layer after 8 h. The layer was tested under IR to analyze
the possible elemental foulants. Most of the layer was found to be comprised of proteins
and other biological compounds.
a

2
b

c3

Figure III-2: Images of fouling layer appearing on the porous membrane side after testing.
Membranes were removed from the system after 8 h and allowed to dry before pictured.
Figure III-3 shows the conductivity values for two polyelectrolyte draw solutions.
The 0.3 g/mL draw solutions showed no statistically significant change in conductivity
over the 8 h runs. Thus, decreasing osmotic pressure driving force was not a significant

29

factor for the observed flux decline in that case. An unusual observation was made for the
0.5 g/mL draw solutions in which conductivity steadily increased upon dilution. This
observation is discussed in Section 3.2, but the result is that osmotic pressure driving
force increased, which cannot explain the flux decline.
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Figure III-3: Direct flow conductivity values for (a) PAA-Na and (b) PAMA-Na. The error bars
show one standard deviation form three separate experiments.
Membrane fouling was the largest factor contributing to the flux decline, which
explains the similarity in flux decline curves for the two draw solution concentrations.
Solid particles accumulated on the feed side of the membrane forming a cake layer that
increased in thickness over the 8 hours. Post filtration, it was discovered that this layer
was easy to remove mechanically, but visible observation indicated that some foulant
remained within the porous layer.
RSFS is another important metric to assess AnOMBRs for water and nutrient
recovery in space, with values above 20 being considered feasible. During the RSFS test
with DI water feed, the feed conductivity increased by 14.6 µS/cm in 51 h, resulting in a
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high RSFS value of 80.
3.2 Variance of Polymer Conductivity
As mentioned earlier, the conductivity of the 0.5 g/mL draw solutions
unexpectedly increased upon dilution. To better understand this phenomenon, calibration
curves were prepared to correlate conductivity to polyelectrolyte concentration. Figure
III-4 shows the results. For PAA-Na, the highest conductivity was measured at 0.35
g/mL, while the highest conductivity for PAMA-Na was measured at 0.20 g/mL. During
the direct flow tests a similar trend was observed. Figure III-3a shows increasing
conductivity for the 0.5 g/mL PAA-Na draw solution upon dilution; whereas the
conductivity of the 0.3 g/mL draw solution decreased slightly, as expected from results in
Figure III-4. The conductivity of the PAMA-Na draw solution increased with dilution for
the 0.5 g/mL concentration and remained constant for 0.3 g/mL. The negligible
conductivity changes for PAA-Na and PAMA-Na at 0.3 g/mL correspond with the
plateau regions of Figure III-4. These results also correspond with work done by Bordi et
al. [36] showing that increasing concentration led to an increase in viscosity and a
decrease in conductivity. They theorized that the higher concentration solutions
demonstrated significant overlap of the polymer chains. Overlap of the polymer chains
led to increased electrostatic interactions, excluded volume, hydrodynamic interactions,
and pH changes resulting in a lowering of the conductivity.
As the conductivity of the solutions is directly linked to the osmotic pressure, the
draw solution concentrations will need to be optimized to increase permeate flux once
fouling is managed. For long-term operation (>30 months), a concentration slightly above
that which produces the maximum in conductivity could be advantageous as the flux will
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remain nearly constant as the solution is diluted. In a continuous operation system, an
additional RO or MD process could be employed on the draw side to recover pure water
and reconcentrate the draw solution. Operating near the overlap concentration also will
ensure that solution viscosity is not too high. High viscosity leads to higher energy input
for pumping and exacerbates ECP and ICP.
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Figure III-4: Effect of polymer concentration on draw solution conductivity.
To better understand the mechanism behind the conductivity decrease, the FH
parameter was investigated. To find the FH parameter for PAA-Na, the concentrations
from 0-0.3 g/mL was tested in an osmometer to find the osmotic pressure in Osmol/kg
H2O. The osmotic pressure of the solution was seen to increase with concentration with a
mostly linear path. To fit the FH parameter with PAA-Na a few variables need to be found
starting with the lattice structure values. N chain segments the degree of polymerization is
the ratio of molecular weight of a polymer and molecular weight of the repeat unit which
equates to N = 22. The molecular mass of the polymer is 2,100 (g/mol) with a monomer
mass of 94.04 (g/mol). Next, the z nearest neighbors, with a chain length of 22 each
monomer can be observed in a cubic lattice where the first and last monomer have 6
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surrounding sites and the middle monomers have 5. This gives z = 112. Next the number
of molecules must be determined, which is based on the desired concentrations. For this,
Python was used to quickly calculate all these values in an array for a range of
concentrations from 0.05 to 0.30 (g/mL). The desired volume is 200 mL. To find the correct
amount of PAA-Na needed the partial molar volume is necessary. This has been previously
calculated with a value of 48.6 (cm3/repeat unit) [39]. The partial molar volume is useful
for finding the amount of water necessary to make the correct concentration. Using their
respective molar masses, the number of grams is 60 g and total molecules for each PAANa and water were 1.72x1022 and 2.48x1024, respectively. These were then used to
calculate the volume fractions and M. The volume fraction of PAA-Na was found to be
0.132. The volume fraction was further used with Equation (1.16). Next, these FH values
were plotted versus their concentrations and fitted with a line of best fit to model the
changes. The line of best fit for the FH parameter was then plugged into the previous
equation with the same data and matched against a linear approximation. Then a new array
was formulated ranging from lower concentrations to the upper limit of the solution to
display the osmotic pressure with a smaller incrementation. The following Figure III-5 was
produced from these calculations. Figure III-5 only reaches 0.3 g/mL due to limitations of
the osmometry device. Due to the increasing solute particles and viscosity the device was
unable to read the solutions. As PAMA-Na was more viscus than PAA-Na, an analysis
could not be completed for that solution.
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Figure III-5: Models of a linear, and Flory-Huggins based approach against the experimental
data.
In Figure III-5 the osmotic pressure is better modeled by the FH parameter
prediction, than the linear. The model predicts a stagnation of the osmotic pressure which
readily coreless with the data produced in the calibration data. The FH parameter was
also found to vary as the solution changed in concentration leading to some possible
conclusions about why the osmotic pressure behaves in this manner. Near pure water
concentrations (>0.05 g/mL) the osmotic pressure declines less steeply due to the
polymer chains becoming more elongated, reducing interactions between them. The
uncurled chain structure allows them to exert a stronger osmotic pressure. The following
regime, semi-dilute region, (0.05~0.25 g/mL) displays the osmotic pressure increasing
relatively linearly where the FH parameter decreases. In this region the chains are
beginning to overlap towards the peak causing the FH value to change. The overlap
continues to increase as concentration increases. The top point (0.3 g/mL) exhibits a
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plateau region where the overlap has fully taken effect. At this point the osmotic pressure
is unlikely to increase and will stay constant presumably until the 0.35 g/mL
concentration as indicated by Figure III-4. The higher concentrated region, where
significant overlap of neighboring chains occurs, leads to entanglement of the chains. The
entanglement is thought to lead increased electrostatic, excluded volume, and
hydrodynamic interactions [36]. Other theories attempt to address the molecular
interaction regarding free counter-ions, viscosity, and overlapping geometric
configurations. During Bordi et al. [40] subsequent the physical understanding of the
interactions is thought to be due different regions dependent on concentration.
For this work the results indicate that an optimal concentration of PAA-Na and
PAMA-Na exist for this system. The optimal concentration is between 0.3-0.35 g/mL and
0.2-0.3 g/mL for PAA-Na and PAMA-Na respectively. Using these concentrations ranges
will allow lower osmotic pressure changes during dilution of the draw solution
maintaining the highest obtainable flux.
3.3 Crossflow Results and Operation
Crossflow analysis was completed using the apparatus displayed in Figure II-2.
Introducing crossflow to the system resembles a more accurate representation of the
envisioned system, while introducing flow parameters changing ECP, ICP, and fouling.
Flow over each side of the membrane facilities mixing and can cause turbulent flow
reducing fouling. Furthermore, movement of the draw solution reduces ECP on the active
side by creating a more uniform concentration of the solution. The flow rate over the
membrane was held at 0.25 m/s. The pressure varied between 0.345-2.41 bar to maintain
the desired crossflow as particulate would occasionally hinder flow. This pressure was
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kept lower than the osmotic pressure determined for the draw solutions to ensure FO
operation. The bioreactor was well-mixed due to the flow in and out along with the
aeration.

Figure III-6: Pictures of the membrane sides after experimentation in the crossflow
system.

The start of the experiment began with an elevated pressure to begin flow and
pattern the membrane. The pressure to pattern was around 3.45-4.83 bar. The pattern
imprinted to the structural side and active layer can be seen in Figure III-6. The top
images of Figure III-6 show a stronger patterning due to the direct contact with the
patterning spacers. This patterning does not affect the system due to the spacers
occupying the space during experimentation, thus not altering flow parameters. However,
the bottom images show the pattern transferring to the other side of the membrane with
significant patterning. The hex pattern lowered the fouling by encouraging the formation
of small vortexes in the pattern, removing some of the fouling layer.
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The top images show the active layer of the membrane where the spacers were in
direct contact with the membrane, while the bottom images display the porous layer open
to the feed solution. The spacers were also instrumental in giving structural integrity to
the membrane during the high-pressure phase. The burst pressure was previously found
by Idarraga-Mora [17] and was used as the upper limit of pressure for the membrane.
Figure III-7 shows the flux over a 70-hour period for both PAMA-Na and PAANa at a concentration of 0.3 g/mL. Gray lines represent the absolute value of the flux,
whereas the red lines display the 20-point moving average. The median percent error of
the moving point average was determined to be 13% for PAA-Na and 11% for PAMANa. Similar to the direct flow results, the flux is highest at the beginning of the
experiment due to the undeveloped fouling layer, a higher starting pressure, lower ECP
and ICP, and the highest osmotic pressure driving force exerted by the draw solution.
PAMA-Na produced a slightly higher initial flux than PAA-Na. However, they both
declined to roughly 2 L/m2/h at 30 h of operation and maintained this flux for the
duration of the test. Initial experiments conducted for 143 h yielded the same results
Figure A-4. For this reason, 70 h was deemed sufficient to establish these pseudo steady
state flux profiles.
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Figure III-7: Crossflow flux measurements for: (a) PAA-Na at 0.3 g/mL (b) PAMA-Na at 0.3
g/mL. The gray lines represent the raw data generated from three separate experiments and the
red line represents the 20-point moving average.
Figure III-8 shows measured conductivities of the draw and feed solutions over
the 70-h experimental runs using 0.3 g/mL PAA-Na and PAMA-Na. Conductivity
decreased monotonically for PAA-Na, resulting from dilution and a high rejection of the
salts in the feed. Conductivity remained nearly constant for PAMA-Na. These trends can
be explained by the calibration data in Figure III-8, which show that PAA-Na
conductivity decreases with decreasing concentration from 0.3 g/mL and the PAMA-Na
conductivity remains constant with decreasing concentration from 0.3 to 0.2 g/mL. As the
conductivity relates to the osmotic pressure driving force, draw solution concentrations
should be selected to optimize the flux of the system. The feed solution conductivity
increased slightly by 0.2-0.4 mS/cm throughout the 70-h test period corresponding to a
high RSFS like that observed in the direct-flow filtration studies.
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Figure III-8. Conductivities of 0.3 g/mL PAA-Na and PAMA-Na draw solutions during 70 h
three crossflow filtration experiments.
Other system parameters were also tested to ensure the correct temperature of the
bioreactor, and the pressure was within range. Figure III-9 & Figure III-10 display the
temperature of each solution, with each draw solution tested. The temperature of the
bioreactor held a steady 27-28 ℃, the desired bioreactor temperature. The draw solution
was slightly cooler within 20-23 ℃. The temperature was slightly higher for PAMA-Na
by about 1.5 ℃ possibly due to the viscous nature requiring more power by the pump.
The pressures in Figure III-10 show the pressure range of the feed solution and the draw
solution. The draw solution pressure was much lower than the feed solution. The pressure
and temperature shown below were expected and sufficient values for the bioreactor and
FO operation.
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CHAPTER FOUR
CONCLUSIONS
4.1 Conclusions
Water recovery from bioreactor digester mixed liquors can be achieved with
adequate flux using polymer draw solutions. A steady-state profile was formed within 70
hours and is expected to continue at this with replenishment of the bioreactor and
reconcentration of the draw solution. Fouling was the largest contributor to flux decline
in direct flow measurement. A high initial flux quickly decreased as foulants accumulated
on the porous side of the membrane, forming a cake layer that provided additional
resistance to flow. Conductivity was seen to vary as concentration increases resulting in
an optimum concentration for maximum osmotic pressure. As conductivity directly
relates to osmotic pressure, the draw solution concentration should be set to 0.2-0.3 g/mL
for PAMA-Na and 0.3-0.35 g/mL for PAA-Na to ensure dilution does not greatly impact
continuous operation. In a continuous operation system, the slight dilution incurred will
not significantly dampen the flux. An additional RO or MD process would be conducted
on the draw side to recover pure water and reconcentrate the draw solution.
Crossflow experimentation displayed a more accurate representation of the full
system with a bioreactor equipped to a membrane cell with flowing fluids. The flux was
constant after 10 hours at 2 L/m2/h. The fouling layer was reduced by patterning applied
by the spacers on the other side. ECP was reduced by mixing of the draw solution and the
application of crossflow. These tests were able to establish the feasibility of using
polyelectrolyte draw solutions for water extraction from human waste bioreactors, which
is an important step towards developing a comprehensive understanding of the AnOMBR
system for use in ECLSS and long-term (>30 months) water recovery systems. Further
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work on this system should be focused on antifouling techniques, and lowering ICP.
Understanding the polymer salts behavior with its solvent for osmotic pressure should be
better understood to aid in determining the most effective draw solution.
Aside from application in the ISS, and ECLSS, this system potentially could be
well suited towards water recovery in remote areas, personal usage, and dry areas. Water
recovery in these areas have proven difficult due to the nature of typical WWTPs.
Remote areas do not have the capital, resources, or the capability to construct large
WWTPs with sewer lines and treatment centers. These smaller systems could potentially
be utilized in a neighborhood setting, or small village where large infrastructure would
not be required. Another unique advantage of this system is the ability to adapt to
different geographies. For a small-scale use of a single home or neighborhood, the
sewage ideally would not need to be transported long distances.
4.2 Recommendations
4.2.1 Membrane Cell Configuration
Membrane disfiguration and damage can be seen in Figure III-6 where areas of
fouling layer disruption occurred at the inlet and outlet parts of the membrane cell. The
current membrane cell is shown in Figure IIII-1 (a). Significant membrane deformation
can be seen where the feed solution enters the cell. This membrane deformation can
cause disruptions in flow, leading to unpredictable outcomes. Work done by Elimelech et
al. [41] demonstrated that water permeance and salt flux coefficients varied with
membrane deformation. They further mention the effects of inlet and outlet sizing on
deformation where the unsupported sections exist. The deformation to the spacers can be
seen in image 4 of Figure II-3. Increased salt passage caused by deformation could lead
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to loss of the draw solution drastically decreasing the draw pressure. For longer use
systems, membrane deformation could damage and cause the membrane to break in areas
resulting in cross contamination of feed and draw solutions.
To solve this issue, other membrane configurations should be used such as Figure
III-1 (c), as proposed by Kim et al. [42]. An asymmetric channel crossflow cell would
avoid deformation. The authors were able demonstrate an increased water permeance
while maintaining the same salt flux coefficient. They were able to determine significant
membrane deformation did not occur.
Along with changing the inlet and outlet placements, the size of the channels
could potentially improve performance. Straub et al. [43] proposed the design in Figure
IIII-1 (b), with a channel slit of 1 mm width. This dramatically increased the burst
pressure of the membrane, signaling a greater resistance to deformation.
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Figure IIII-1: Membrane cell modifications proposed by (a) Current Design, (b) Kim et al.
[16,42], and (c) Straub et al. [16,43]. Designs were adapted from the respective references.
4.2.2 Optimizing spacer design and patterning
Due to fouling being the largest detractor to water transport, strategies to decrease
it should constitute the focus moving forward. Recent work by Malakian [33] has shown
the value of patterning membranes. Membranes can be patterned with many different
styles all with their own unique effects. Using a line and groove pattern, they showed that
lower fractions of groove surface area led to reduced fouling [33], but further work needs
to be done on the relationship between fouling propensity and pattern geometry. There is
an opportunity to evaluate membrane patterning for applications in FO.
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Among the areas of study, the method of patterning can be varied. In this work, I
observed that a pattern formed in situ by compression against the spacers. While a high
starting pressure could be used to pattern the membrane in this way, doing so during
operation can lead to a high rate of foulant accumulation at the start of the experiment,
resulting in the sharp flux decline seen in Figure III-7. Instead, the pattern could be
applied before operation by operating at high pressure using water on the feed side prior
to introduction of the actual feed solution. Other suggestions involve a woven mesh as
featured in Idarraga-Mora [17] The woven mesh has been shown to be more effective for
osmotic processes [17]. A specific mesh would need to be crafted to be well suit to the
polymer solution used as a draw solution. Various openings and sizes will need to be
tested to determine the optimal design.

4.2.3 Reducing ICP and ECP
ICP and ECP are other main deterrents to water transport. ECP can be mitigated
by adjusted the crossflow velocity and inducing turbulence during recirculation. ICP can
be much more difficult to reduce as it depends more on the membrane structure than flow
parameters, with low support structural parameters reducing ICP [45]. Low structural
parameters correspond to thin and porous support layers with an extensively
interconnected network to facilitate solute diffusion. The backing must also be able to
withstand the mechanical and thermal parameters of the intended operation.
Hydrophobicity, effective porosity, and wettability all affect water transport.
Among the directions worth considering for improving membrane properties,
treatment with inorganics have shown strong promise. Liu et al. [45] coated TFC
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membranes with CaCO3 and tested its effects on RSF and water permeance. Findings
indicated the treatment increased water flux by increasing hydrophilicity but decreased
water flux by induced shrinkage of the pores. The RSF was found to be slightly lower for
these coated membranes as well [45]. While their work improved flux, and RSFS, a
major drawback was loss of the CaCO3. Within 72 hours 38% of the initial Ca content
was lost. For long term operation (>30 months), further work will need to be completed
on these kinds of treatments.
Double-skinned membranes (DSM) also may be worth exploration due to recent
studies showing lower fouling and reduced ICP [46]. DSMs apply an active layer on
both sides of the structure incasing the mechanical support. The concept is to reduce
fouling by the feed solution by preventing solids from accumulating in the porous
support, decreasing concentrative ICP, and reducing ICP by stopping the draw solution
from entering the porous medium. Previous work has shown these membranes to have
lower flux than standard membranes with the active layer facing the draw solution (ALD) and facing the feed side (AL-F); however, cleaning the membranes was much easier.
Yang et al. [46] placed the draw solute within the porous layer between the two active
layers and found the water flux and RSF of the DSM were lower than either AL-D or
AL-F due to the additional resistance for transport. In fouling testing, the DSM had lower
flux decline indicating an ability for long-term operation. Compared to AL-F and AL-D,
the DSM showed a slightly higher pseudo steady state flux. The researchers also tested
cleaning the membranes. AL-F and AL-D showed a greater increase in flux in response
to cleaning, which quickly declined. The DSM membrane was not affected greatly by
cleaning but maintained its flux. Furthermore, with an active layer facing both sides the
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membrane, foulant was able to be cleaned off easily; fouling was reversible [46]. For
long-term applications such as space exploration, 30 months or greater, a DSM could be
beneficial for providing a longer and more constant flux, while also enabling cleaning
and reuse of the membrane without significant damage.
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APPENDIX
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Figure A-1: Osmotic pressure of PAA-Na measured by osmometry with the OsmoPRO MultiSample Micro-Osmometer from Advanced Instruments. The instrument was unable to determine
the osmotic pressure at concentrations higher than 0.3 g/mL due to a higher viscosity.

These data correlate with Figure III-4 of the manuscript, where the conductivity was observed to
have a maximum. The osmotic pressure is predicted to behave similarly.
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Figure A-2: Operating screen of LabView software used to handle the apparatus seen in figure
II-2. The pump speed for the feed, and draw sides can be controlled, while the mass, flux,
conductivity, and pressures are recorded. The flowrate can further be controlled by changing the
valve opening factor.
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Figure A-3: Back panel of the LabView program. All the collected data seen in the front panel is
collected into an excel file.
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Figure A-4: Crossflow flux measurements for PAA-Na at 0.3 g/mL extended to 143 h. The gray
lines represent the raw data generated from three separate experiments and the red line represents
the 20-point moving average.
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